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account the extended duration of methane injection 
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were positive, whereas CEM, Jurkat, HPB- 
ALL, MOLT4, and PEER (T cells), and 

Cells by NKGZD, a Receptor for Daudi and Raji (B cells) were negati;e (10, 
12). These interactions were analyzed with 
monoclonal antibodies (rnAbs) that were 

Stress-Inducible MICA screened for binding specificities matching 
those of bio-sMICA (10). Two selected 

Stefan ~auer,'*t Veronika Groh,'* Jun W U , ~  Alexander Steinle,' mAbs, 5C6 and ID1 1, stained NKL and the 

Joseph H. ~h i l l ips ,~  Lewis L. ~ a n i e r , ~  Thomas Spies1$ V,1 y6 T-cell clones and blocked binding of 
bio-sMICA (Fig. 1, C and D). As with 

Stress-inducible MICA, a distant homolog of major histocompatibility complex 
(MHC) class I, functions as an antigen for y6 T cells and is frequently expressed 
in epithelial tumors. A receptor for MICA was detected on most y6 T cells, CD8+ 
ap T cells, and natural killer (NK) cells and was identified as NKCZD. Effector 
cells from all these subsets could be stimulated by ligation of NKCZD. En- 
gagement of NKCZD activated cytolytic responses of y6 T cells and NK cells 
against transfectants and epithelial tumor cells expressing MICA. These results 
define an activating immunoreceptor-MHC ligand interaction that may pro- 
mote antitumor NK and T cell responses. 

Major histocompatibility complex class I against NK cell attack. In contrast, MICA and 
molecules are ligands for inhibitory or acti- its close relative MICB may signal cellular 
vating natural killer (NK) cell receptors that distress and evoke immune responses. These 
are expressed on NK cells and T cells. These molecules function as stress-inducible anti- 
include isoforms of the immunoglobulin (1g)- 
like killer cell receptors that interact with 
HLA-A, -B, or -C, and CD94 paired with 
NKG2A or NKG2C, which bind HLA-E (1- 
4). Engagement of these receptors modulates 
NK cell responses and T-cell antigen receptor 
(TCR)-dependent T-cell activation (1, 5). 

Expression of MHC class I is frequently 

gens in intestinal epithelium and are recog- 
nized alike by yS T cells with the TCR 
variable region V,I (7, 8). In addition, they 
are frequently expressed in epithelial tumors 
including lung, breast, kidney, ovary, pros- 
tate, and colon carcinomas (9). We investi- 
gated receptor interactions of MICA. 

A soluble form of MICA (sMICA) includ- 
impaired in virus-infected or tumor cells, ing the a l a 2 a 3  extracellular domains was 
which results in lack of engagement of inhib- expressed and purified (10). Addition of 
itory receptors and thus activation of NK sMICA to cytotoxicity assays inhibited the 
cells (1, 6). Hence, class I serves as a positive responses of several V,1 y8 T-cell clones to 
indicator for the integrity of cells, protecting C1R cell transfectants expressing MICA 

(Fig. IA) (8, 11). We investigated whether 
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this effect was associated with expression of 
the yS TCRs alone or involved surface mol- 
ecules that occurred separately. Flow cytom- 
etry showed binding of biotinylated sMICA 
(bio-sMICA) to several V, 1 y6 T-cell clones 
(10). However, stainings of peripheral blood 
lymphocytes (PBLs) revealed binding of bio- 
sMICA to most y6 T cells (of the V,1 and 
V,2 subsets), CD8+ T cells, and CD56+ NK 
cells, but only to a few CD4+ T cells. The 
cell lines NKL (NK cell) and Hut 78 (T cell) 

sMICA, both &bs inhibited T-cell recogni- 
tion of MICA (Fig. 1B). With PBLs from 
several individuals, the distribution of 
epitopes recognized by these mAbs replicated 
the staining pattern of bio-sMICA (Fig. 2) 
(10). The mAbs 5C6 and l D l l  cross-blocked 
surface binding (13). Thus, MICA interacted 
with a surface receptor (MICR) that was 
widely distributed on lymphocyte subsets. 

To identi@ MICR, we used representa- 
tional difference analysis (RDA) (14). Rep- 
resentations of cDNAs were prepared from 
pools of CD4+ T-cell clones that were posi- 
tive or negative for MICR expression. Three 
rounds of hybridization-subtraction and am- 
plification yielded a representational differ- 
ence product (RDP) of five DNA fragments. 
Four of these probably were not relevant. The 
most prominent fragment matched the se- 
quence of NKG2D, which is an orphan C- 
type lectin-like NK cell receptor of unknown 
expression and function (Fig. 3A) (15). 

NKG2D was scrutinized as a candidate for 
MICR. Blot hybridization confirmed the pres- 
ence of NKG2D mRNA in NKL and Hut 78 
cells, as well as in a V,1 y6 T cell line and in 
CD8+ T cells isolated from PBLs (Fig. 3B) 
(16). A second transcript of higher molecular 
weight presumably corresponded to a transcrip- 
tional variant of NKG2D. In contrast, little or 
no mRNA was detected in Jurkat, HPB-ALL, 
and peripheral blood CD4+ T cells. Thus, the 
distribution of NKG2D mRNA, which was in 
accord with previous limited data (15), matched 
the expression of MICR. Immunoprecipitations 
with mAbs 5C6 and l D l l  identified a single 
surface protein that was expressed on NKL and 
Hut 78 but not on Jurkat cells (Fig. 3C). Its 
apparent molecular mass of 42 kD matched 
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Fig. 1. Inhibition of yS T-cell function and 
staining of NKL and of V,1 yS T cells by soluble 
MlCA (sMICA) and mAb 1D11. (A) Cytotoxicity 
of Va l  yS T-cell clone 61B (8) against C1R- 
MlCA transfectants was inhibited by sMlCA 
(70). (B) As with sMICA, mAbs ID11 and 5C6 
inhibited lysis by the SIB T cells. Data in (A) 
and (B) are representative of three different 
Va l  yti T-cell clones tested. In (B), E:T was 5:l. 
(C and D) By indirect fluorescence and flow 
cytometry, mAb l D l l  stained NKL cells and 
61 B T cells. Preincubation with mAb 1 D l  1 in- 
hibited binding of bio-sMICA detected with 
streptavidin-conjugated phycoerythrin (70). 
Open profiles are lgGl control stainings. Simi- 
lar results were obtained with mAb 5C6 and 
with the Hut 78 a@ T-cell line and two other 
Va l  y6 T-cell clones. 

independent data obtained with mAb 5C6 and 
polyclonal antibodies specific for NKG2D 
(1 7). Transfection of Jurkat cells with NKG2D 
cDNA resulted in positive stainings with mAbs 
5C6 and ID11 (Fig. 3D) (18); the low fluores- 
cence intensities were at least partly explained 
by the small amounts of NKG2D mRNA (Fig. 
3B). As shown by Wu et al. (17), NKG2D 
forms complexes with DAP10, a membrane 
adaptor protein that is distantly related to 
Dm12 (19). Coexpression of DAPlO in the 
Jurkat-NKG2D t ransfmts  augmented bind- 
ing of mAbs 5C6 and lDl 1 (Fig. 3D). Similarly 
increased was binding of bio-sMICA, which 
also bound to transfected mouse BaE3 cells 
expressing large amounts of NKG2D in the 
absence of DAPlO as a result of a transmem- 
brane mutation (13, 17). Surface NKG2D was 
immunoprecipitated h m  these transfectants 
with mAb 5C6 and the antiserum to NKG2D 
(Fig. 3C) (1 7). These results demonstrated that 
NKG2D was the receptor for MICA. 

y l  TCPI as TCR -- 
Fig. 3. NKGZD is the recep- 
tor for MICA. (A) Identifica- 
tion of NKGZD as a candi- 
date sequence by cDNA 
RDA (14). Lanes show the 
Dpn II restriction enzyme 
representation (cDNA REP) 
and the sequential represen- 
tational difference products 
(RDPl-RDP3). The NKCZD 
D D ~  II cDNA h m t  is of 

Fig. 2. Expression of a receptor for MlCA on 
lymphocyte subsets. Two- and three-color flow 
cytometric analysis of freshly isolated PBLs 
(70). Upper four density plots show the indi- 
cated staining of total PBLs; bottom two plots 
show staining of gated CD3+ T cells. Numbers 
in upper right fields indicate percentages of 
gated cells in quadrants. Similar results were 
obtained with PBLs from six healthy individuals 
and by using mAb 5C6. The low staining reso- 
lution in the CD56 plot was mainly due to  large 
numbers of CD56'OW cells. 

4% base pairs."(~) A full- 
length NKCZD cDNA was 
used as a probe in blot hy- 

from the NKL, HPELAk Hut 
78, and Jurkat cell lines, from 
a Val y6 T cell line, and 
from CD4+ and CD8+ a@ T 
cells purified from PBLs. 
Presence or absence of the --6 

NKCZD mRNA of -1.8 kb 
comlated with surface NKL I Hut 78 1 Jurkat BalF3- I BalF3 

NKGPD TM 
binding of bio-sMICA and Fluorescence 
mAbs 1 D l  1 and 5C6 (Figs. 1 
and $ see text). The larger transcript of -3.5 kb presumably was a transcriptional variant of NKCZD. 
Jurkat-NKGZD transfectants (last lane) have a shorter transcript because of their transfection with a d i n g  
region c o m a  Bottom of nel shows RNA sample loadings. (C) lmrnunoprecipibtion of NKGZD with P" mAb 5C6 or ID11 from lZ I-surfacelabeled cell lines and from WF3 cell transfectants expressing a 
transmembrane mutant of NKGZD in the absence of DAPlO (17). The protein with a molecular mass of 42 
kD comesponds to NKCZD (77). (D) Flow cytometry showed binding of rnAb 1 D l  1 to the Jurkat-NKGZD 
transfectants but not to the untransfected cells. Binding was increased by mexprenion of DAPlO (77, 78). 

NKG2D lacks a tyrosine-based inhibitory 
motif in its cytoplasmic tail and may function as 
an activating receptor (I, 15); signaling may be 
enabled by DAPlO, which has an SH2 domain- 
binding site for the p85 subunit of phosphoino- 
sitide 3-kinase (1 7). An activating function was 
supported by the inhibition of y6 T-cell recog- 
nition of MICA mediated by mAb to NKG2D 
(anti-NKG2D) (Fig. 1B). However, these re- 
sponses can also be inhibited by mAbs against 
y 8  TCRs, implying that their activation also 
requires TCR engagement (8). To examine 
whether NKG2D functions in the absence of 
TCR, we used NK cell (NKL) effectors (20). 
These showed the expected cytotoxicity against 
Daudi cells, which lack P,-microglobulin 
(p2m) and thus MHC class I, whereas Daudi- 

P2m t ransfmts  were protected by the re- 
stored expression of class I; inhibition of NKL 
was mediated by IUA-E, the ligand for CD94- 
NKG2A (Fig. 4A) (4). However, coexpression 
of MICA sensitized Daudi-P2m cells to lysis, 
which could be inhibited by anti-MICA (mAb 
2C10) and anti-NKG2D (Fig. 4A). MICA did 
not diminish surface expression of class I (13). 
Hence, masking of IUA-E on Daudi-P2m- 
MICA cells increased cytolysis to a level above 
that recorded with Daudi cells (Fig. 4A). Liga- 
tion of NKG2D on NKL with mAb ID11 or 
5C6 induced redirected lysis of Fc receptor 
(FcR)-bearing P815 cells, similar to the r e  
sponses with anti-CD16 (Fig. 4B) (21). Thus, 
NKG2D had an activating function that was 
triggered by engagement of MICA. Similar 
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Fig. 4. Activation of effec- A e 
tor cells by MlCA engage- 
ment or ligation of 
NKGZD. (A) Expression of 
MlCA sensitized Daudi- 
p,m transfectants to lysis 
by NKL cells. Cytotoxicity 
was inhibited by anti-MICA 
(mAb 2C10) or anti- 
NKCZD (mAb ID1 1). Anti- 
HLA-E mAb 3D12 restored 
lysis (4). (B) The anti- 
NKCZD mAbs ID11 and 
5C6 induced redirected Ly- 
sis of mouse mastocvtoma 

Daugg: ~ 
///////=i + rnAb 3D12, 

Daudl-brn-MICA 
+ Ig control 

+ r n ~ b  3 ~ 1 2  1 
+ rnAb 2C10 
+rnAblD11 

-r ~ ~ 1 4 5  

HTB-78 

SW480 

+ ig control + rnAb ID11 - HTB-78 - SW480 
+ ig control + rnAb 6D4 
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FcyRL P815 cells by NKL I I 7- 

L 
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cells, by the 61B V,1 y6 lo 30 50 'O 
10 30 50 70 90 

Soeclflc lvsls Poi ~ , ~, 
T-cell clone, and by -a pe- 
ripheral blood C D 8  ap  T-cell clone (10). Data shown are representative of four and five T-cell clones, 
respectively. (C) Cytotoxicity of NKL cells against the HeLa (cervical), DU145 (prostate), HTB-78 (ovary), 
and SW480 (colon) tumor cell Lines was decreased by anti-NKCZD mAb ID1 1 or by F(ab1)' fragments 
of the anti-MICA and anti-MICB mAb 6D4 but not by control IgC. Inhibitions were partial, as is often 
the case in antibody blocking. Data in (A) to (C) represent reproducible averages of three to five 
independent experiments and were obtained at an E:T of 10:l .  

anti-NKG2D mAb-dependent cytotoxicity 
against P815 cells ~ v a s  obsen-ed with four 
\,',I y6 T-cell clones tested and with fi\-e of 
eight I K G 2 D +  CDSf up T-cell clones de- 
rived fro111 PBLs (Fig 4B) ( 2 1 ) .  Thus. in 
agreement with its broad distribution on lnost 
y6 T cells. CDSf ap T cells. and NK cells. 
NKG2D activated or positively lnodulated 
responses by diverse effector cells. 

V, 1 y 6 T cells recognize MICA and MICB 
on epithe!ial tumor cell lines and on freshly 
isolated autologous and heterologous epithelial 
h11nor cells (9). These responses were inhibited 
by the anti-NKG2D nAbs 5C6 and 1D 1 1. uith 
target cell lines deli\-ed from h e r  (Heu-G2). 

of class I, depending on the balance of mul- 
tiple inhibitor). and activating signals. rela- 
ti\-e amounts of receptors and their ligands. 
and NK cell activation state (1). As with NK 
cells. V,1 y6 T cells and CDS" ap T cells 
could be activated by ligation of I K G 2 D :  
hou~e\~er.  only the for~ner respond against 
tumor cells expressing MICA or MICB. con- 
sistent with a synergistic mode of acti\-ation 
that may require signaling by TCRs and 
XKG2D (8, 23). Tl~us ,  the interaction of 
I K G 2 D  with MICA and MICB may poten- 
tially enhance di\-erse antitumor innate S K  
cell and antigen-specific T-cell responses. 
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DnJ mice (Jackson Laboratories) wi th  NKL cells as de- 
scribed (7). We screened hybridoma supernatants for 
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